Introduction
Non-communicable diseases (NCDs) are chronic diseases that are not passed from person to person and generally develop slowly over the course of life. The World Health Organization (WHO) proposed four main types of NCDs, i.e., cardiovascular diseases, diabetes, chronic respiratory diseases, and malignancy, 1, 2) in which obesity and metabolic syndrome are significantly involved. The WHO estimated that 63% of global deaths, approximately 36 million, were attributed to NCDs, and indicated that NCDs are expected to exceed communicable, maternal, perinatal, and nutritional diseases as the most common causes of death worldwide by 2030. 1, 2) The annual number of deaths due to NCDs continues to rise in both developing and developed countries. [1] [2] [3] The recently developed theory of developmental origins of health and disease (DOHaD) 4, 5) proposed that nutritional conditions during the fetal, neonatal, and infantile periods are related to the NCD pandemic. 6, 7) In view of the DOHaD theory, perinatal and neonatal medicine may help in the development of preemptive medicine against the rapid spread of adult NCDs. 8, 9) We herein discuss this possibility, as well as animal studies that support a nutritional imbalance in utero and in early postnatal life as a contributor to the recent NCD pandemic, with a particular focus on obesity and metabolic syndrome.
Developmental Origins of Health and Disease (DOHaD) Theory
Epidemiological and animal studies revealed a possible association between environmental aggression in the early developmental period and the emergence of chronic diseases in later life. This concept suggests new links of causality and infers the early establishment of metabolic adjustments that determine morbidity throughout life, especially those causatively associated with NCDs, 6, 7) leading to a new branch of scientific knowledge known as the 'DOHaD' theory. 4, 10, 11) 
Undernourishment in utero and risk of NCDs in later life
Epidemiological evidence connecting undernourishment in utero and the development of adult metabolic syndrome was initially obtained from victims of the Dutch Hunger Winter in 1944-5 during World War II. The adult and/or senile offspring of women exposed to the famine in gestation were predisposed to NCDs including coronary heart disease, obesity, impaired glucose tolerance, hypertension, an atherogenic lipid profile, disturbed blood coagulation, increased stress responsiveness, microalbuminuria, schizophrenia, and antisocial personality. [12] [13] [14] Fetal exposure to the Chinese Famine in 1959-61 was associated with a predisposition to hyperglycemia, type 2 diabetes, and metabolic syndrome in adulthood. 15, 16) The association between fetal exposure to the Chinese Famine and an increased risk of adult metabolic syndrome was stronger among subjects with a Western style diet and/or those who were overweight in adulthood. 17) Cohort studies identified a relationship between low birth weight and elevated adiposity in children 18, 19) as well as adults; [20] [21] [22] however, small babies were not always simply the result of undernourishment in utero.
'Thrifty phenotype' hypothesis
Among the many mechanistic frameworks that have been proposed to explain the biological basis underlying possible associations between undernourishment in utero and obesity-related metabolic disorders in later life, 23) the 'thrifty phenotype' hypothesis by Hales and Barker 24) is the most compelling. 25, 26) They proposed the concept of an adaptive response to fetal undernourishment that optimizes body growth in utero and leads to a permanently altered postnatal metabolic phenotype to match the predicted postnatal conditions of long-lasting poor nutrient supply and enhancing survivability throughout life under the circumstances of starvation 24) (Figure 1 ). Embryonic and/ or fetal 'predictive adaptive responses' 27) to suboptimal intrauterine undernourishment may promote permanently enhanced energy economy. This has been referred to as the 'thrifty phenotype'. Regarding the 'matching' aspect of the 'thrifty phenotype' hypothesis, a previous study reported that small babies in Gambia, including those born during a nutritionally-debilitating hunger season, maintained excellent metabolic as well as cardiovascular conditions into adulthood with the complete absence of metabolic syndrome, provided that they retained their frugal lifestyle in rural areas. 28) The 'thrifty phenotype' was proposed to only become detrimental when nutrition was more abundant in the postnatal environment than had been expected from the prenatal environment of undernourishment because this phenotype for enhanced energy economy may lead to a 'mismatch' to the excess energy supply associated with the modern lifestyle of overeating, thereby predisposing adults to NCDs, especially those associated with obesity and/or type 2 diabetes 24 -26,29 -32) (Figure  1 ). Developing countries have been undergoing rapid economic improvements over the past few decades, and a generation that experienced a low nutritional environment during fetal life due to poverty and/or political turmoil has now shifted to a life of excess ( Figure 2 ). Therefore, they are expected to have acquired the 'thrifty phenotype' in utero and now encounter a 'mismatch' of excess energy supply due to calorie-rich diets, thereby increasing the risk of NCDs associated with obesity and/or type 2 diabetes (Figure 1, 2) .
In Japan, obesity has increased among adult males as well as mature and senile women, whereas undernourishment is common among women of childbearing age due to their strong desire to be thin, 33) concomitant with an increase in low birth weight neonates. 32, 34, 35) The mean total caloric intake of the Japanese population has continuously decreased since 1970, 32, 34) indicating that the incidence of obesity has increased in spite of the intake of fewer calories. This paradoxical and rapid shift towards an obesity-prone phenotype in a relatively short period (i.e., less than half a century) in middle-aged and elderly Japanese populations argues against the simple and major contribution of a Western lifestyle with a calorie-rich diet in favor of a presumed increase in the number of individuals with the 'thrifty phenotype' due to undernourishment in utero. Kubota et al. 36) reported that the mean energy intake in Japanese pregnant women was less than 1,600 kilocalories/day throughout pregnancy, which corresponds to 30% (second trimester) and 37% (third trimester) fewer calories than what is recommended by the Ministry of Health, Labour and Welfare Japan (Figure 3 ). This suggests that considerable numbers of relatively undernourished Japanese fetuses exist due to a shortage in maternal energy intake. This distinct nutritional imbalance in Japanese pregnant women may have led to the 'thrifty phenotype' in a large number of Japanese people, contributing, at least partly, to the development of obesity and or type 2 diabetes with less caloric intake. 35) Therefore, the nutritional conditions of Japanese fetuses are distinct from those in other developed countries, in which fetuses are typically supplied with excess energy from their mothers. 
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'Hypothalamic-adipose (HA) axis' hypothesis concerning 'thrifty phenotype'
The mechanisms underlying the 'thrifty phenotype ' have not yet been elucidated in detail; however, large numbers of animal models have provided evidence to support its involvement in calorie-rich countries. 37, 38) Hales and Barker proposed that the permanently reduced secretion of insulin from pancreatic β-cells is critically involved in the development of an adult 'thrifty phenotype' concomitant with insulin resistance. 24) Newsome et al. 39) conclusively proposed a relationship between low birth weight and disorders in glucose and insulin metabolism in adulthood by a systematic review of the literature. However, the early-programmed reduced secretion of insulin does not coincide with the initial induction of obesity in later life because adipocytes require an appropriate amount of insulin to store lipids. Therefore, the fetal insulin hypothesis cannot fully explain the primary risk of obesity proposed by the 'thrifty phenotype' hypothesis.
Since the 'mismatch' of the 'thrifty phenotype' with an abundant energy supply may result in excess energy storage in the body, reasonably in adipose tissue, it is plausible that obesity is the most acceptable outcome of exposing 'thrifty phenotype' offspring to a calorierich diet. Moreover, obesity is a major risk factor for NCDs. 40) Therefore, in this review, we focused on the developmental origins of obesity in relation to the 'thrifty phenotype', particularly in the context of the central regulation of energy metabolism, and introduced our 'hypothalamic-adipose (HA) axis' hypothesis as a candidate mechanism for explaining the acquisition of the 'thrifty phenotype'.
Obesity is closely associated with the regulation of food intake and energy expenditure, which are centrally regulated by the hypothalamus, the control center for energy metabolism. The adipocyte-derived hormone, leptin, is known to affect the hypothalamus, leading to a decrease in food intake and increase in energy expenditure. 41, 42) Disruptions in the production and circulating levels of leptin have been shown to play an important role in the development of metabolic syndrome in adulthood. 41) Evidence obtained in animal studies supported undernourishment in utero causing low hypothalamic sensitivity to circulating leptin, thereby linking undernourishment in utero to the risk of obesity in later life. 43) Moreover, maternal caloric restriction did not exacerbate obesity in leptin-deficient ob/ob mice, suggesting that leptin is a key factor in the developmental origins of obesity. 44) We previously revealed that undernourishment in utero resulted in blunted responses in food intake by and lower body weights in adult mice treated with leptin, concomitant with low signal transduction responses in the hypothalamus, relative to normally nourished controls. 45) We also showed that chemical damage to the arcuate nucleus (ARC) of the hypothalamus canceled out the accelerated development of obesity in adult mouse offspring that were undernourished in utero. 45) Since the ARC, which centrally regulates energy expenditure, 46) has been proposed to be the main target of leptin, permanent changes in hypothalamic responsiveness to circulating leptin appear to be the main regulatory system in the developmental risk of adult obesity, at least in our mouse animal model of undernourishment in utero.
Serum leptin levels markedly increase in normal mouse neonates during the lactation period, and this is referred to as the 'leptin surge' 47) ( Figure 4A ). However, previous studies reported that leptin did not affect feeding or thermogenesis in neonatal mice 48) or rats. 49) Bouret et al. 50) reported that the neurotrophic action of leptin in the mouse hypothalamus only operated during the neonatal period. We 44, 45) and others 51, 52) proposed that undernourishment in utero changed the timing and/or plasma levels of leptin in the 'leptin surge' during the period of lactation and modified the development of neuronal circuitries in the hypothalamus, resulting in permanently low hypothalamic responses to circulating leptin and thereby increasing the risk of obesity ( Figure  4B ). However, changes in the 'leptin surge' during the neonatal period and its permanent effects on adulthood 
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remain controversial. We previously demonstrated that a 30% restriction in maternal caloric intake (70% of ad libitum intake) in the latter half of pregnancy caused earlier and greater deviations in the 'leptin surge' in neonates, which we described as a 'premature leptin surge' 45) ( Figure 4A ). To examine the relationship between the 'premature leptin surge' and the risk of adult obesity, we administrated leptin to normally-nourished male mice aged 5 to 10 days and found that these pups subsequently developed a similar obesity-prone phenotype and low hypothalamic sensitivity to leptin as pups undernourished in utero, concomitant with similar changes in the development of neuronal circuitries in the hypothalamus. 45) These findings suggested a distinct role for the 'premature leptin surge' as a programming signal from adipose tissue to the hypothalamus. De Moura et al. 52) also reported that the treatment of neonatal rats with leptin, either from 0 to 10 days of age or in the last 10 days of the lactation period, led to obesity and high leptin concentrations in later life.
On the other hand, Delahaye et al. 51) reported that a 50% restriction in caloric intake by rats from pregnancy to the lactation period markedly decreased the 'leptin surge'. Vickers et al. 53) administered leptin to rat neonates from 3 to 10 days and found no phenotypic changes in normally nourished pups, but protection against obesity in pups undernourished in utero. To the best of our knowledge, there is currently no clear explanation for this discrepancy and we speculate the presence of multifactorial 'critical windows' in exposure of the hypothalamus to the 'leptin surge' during the lactation period with respect to timing, duration, dosage of the leptin treatment in each experimental protocol, gender differences, and species differences even between rats and mice. Nevertheless, changes in plasma leptin concentrations during the lactation period induced by fetal undernourishment, although still contentious, appear to be a key modulator of permanent hypothalamic energy regulation, leading to the development of the obesity-prone adult phenotype. Based on our findings, we proposed the important contribution of the 'HA axis' hypothesis to the developmental origins of obesity ( Figure 4B ).
'Hypothalamic-pituitary-adrenal (HPA) axis' hypothesis and NCDs
The hypothalamus is not only the center of energy metabolism, but also a central regulator of stress responses that down-regulate the secretion of glucocorticoids from the adrenal glands, i.e., the hypothalamic-pituitaryadrenal (HPA) axis. A shift to an elevated stress response has been closely linked with the risk of NCDs. 54 -57) The findings of previous clinical and molecular studies demonstrated that elevated levels of adrenal hormones caused the accumulation of fat in visceral adipose tissues as well as associated metabolic abnormalities. 58, 59) Human and animal studies indicated that prenatal stress caused the permanent hyper-reactivity of the HPA axis to be causatively associated with an elevated risk of NCDs; namely, the 'HPA axis' hypothesis 60 -68) (Figure 5 ). Morphological and functional hypothalamic plasticity during the early developmental period has been suggested to play a key role in the 'HPA axis' and 'HA axis' hypotheses ( Figure 5) ; therefore, the hypothalamus appears to be a promising target organ in the search for new early interventions that will reduce the prevalence of NCDs.
Accumulation of NCD risk by 'catch-up growth'
A systematic review revealed that small babies were more predisposed to adult obesity if they showed rapid 'catch-up growth' soon after birth 69) (Figure 1 ). Regarding the critical period of 'catch-up growth', previous studies suggested the possible importance of the first few weeks of postnatal life 70, 71) or the period until two years of age; 69) whereas others showed that low birth weight children who grew excessively in later childhood were also at a higher risk of adult obesity. 21, 72) Botton et al. 73) showed that neonates with a faster weight gain velocity during the first three months showed a greater weight gain velocity after three years of age, leading to a larger fat mass in adolescence ( Figure 6 ). These findings suggested that the interaction between prenatal low energy supply and subsequent rapid 'catch up growth' soon after birth, presumably being equal to a rapid encounter with a postnatal high-energy supply, appeared to increase the risk of obesity and its associated metabolic disorders 31,38,74 -76) (Figure 1 ). 
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No association with catch up after birth increases the risk of adult obesity caused by undernourishment in utero, or how it permanently modulates the metabolic characteristics of the 'thrifty phenotype' acquired by undernourishment in utero. We recently focused on the possible involvement of adipose tissue remodeling in the aggravation of obesity-related metabolic disorders by 'catch-up growth' during the lactation period. The fat body of drosophila evolved into three different organs, i.e., adipose tissue, liver, and blood cells of mammals, over a period of 60 million years, during which the reciprocal regulation of their functions developed. 77) Recent studies identified various changes in the intercellular spaces between ballooning adipocytes due to increased lipid storage, particularly those associated with the chronic infiltration of immune competent cells, especially inflammatory macrophages, leading to the concomitant impairment of glucose and/or lipid metabolism. 78 -80) We recently developed a mouse animal model of undernourishment in utero by maternal caloric restriction, in which the rate of 'catch-up growth' during the lactation period positively correlated with body weight gain, fat mass gain, and blood glucose levels under a high fat diet. 81) Using this animal model, we demonstrated that the rate of 'catch-up growth' after undernourishment in utero positively correlated with the infiltration of M1 macrophages ( Figure 7A ) as well as the expression of inflammatory cytokines in adult adipose tissue collected from mice on a high fat diet. 81) These findings indicated that rapid growth during the lactation period, attributed to a rich-energy supply following low-energy supply in utero, appeared to induce chronic inflammation in adult adipose tissue 81) (Figure 7A, B) . Fetal undernourishment also increased the number of not only large, but also small ballooning adipocytes in adult adipose tissue obtained from mice on a high fat diet.
81) Nishimura et al. 82) proposed that small adipocytes, which are adipogenic/angiogenic cell clusters including adipocyte precursor cells, play a major role in adipocyte hyperplasia, and are prominent during the development of obesity; therefore, the concept of 'adipose tissue remodeling' was proposed as a critical pathological mechanism underlying the exacerbation of obesity itself and its related metabolic disorders. 79, 83) We previously reported that the rate of 'catch-up growth' during the lactation period positively correlated with the relative rate of small adipocytes in adult adipose tissue collected from animals on a high fat diet, 81) suggesting that 'catch-up growth' induced 'adipose tissue remodeling' ( Figure  7B ). These findings indicated that a sudden change in nutritional conditions from a low energy supply in utero to a calorie-rich neonatal life, leading to 'catch-up growth', is a key phenomenon exaggerating 'adipose tissue remodeling' based on chronic inflammation in later life ( Figure 7B ). Therefore, we proposed the 'catchup-related adipose tissue remodeling' hypothesis 84) as a potential mechanism for the risk accumulation of NCDs by 'catch-up growth'.
Overnourishment in utero and risk of NCDs in later life
The incidence of obesity has increased in developed countries, especially in North America, over the past several decades due to the oversupply of nutrients relative to the amount required for normal metabolism. This increase can be largely attributed to lifestyle patterns such as the excess consumption of energy-rich meals and decline in physical activity. However, an alternative explanation has been proposed for the increasing rates of obesity, i.e., a transgenerational negative chain of overnourishment in utero and/or the postnatal period (Figure 2) . The DOHaD theory states that infants subjected to an early environment that is over-rich in nutrients are predisposed to obesity in later life ( Figure  2 ). Fetal exposure to diabetes or gestational diabetes during pregnancy has been reported to increase the risk of childhood and adult obesity, diabetes, metabolic syndrome, and cardiovascular diseases. 85, 86) In a cohort study involving the Pima Indians, the majority of whom develop type 2 diabetes during childhood due to genetic causes, the risk of type 2 diabetes and obesity was higher in the fetuses of diabetic mothers. 87) Previous studies identified a relationship between maternal obesity and excessive weight gain during pregnancy and large-forgestational-age infants. 88 -91) Furthermore, the risk of childhood and adolescent obesity was found to be higher in these large-for-gestational-age infants.
88,91,92) Salsberry et al. 93) showed that maternal pre-pregnancy obesity was a significant risk factor for overweight adolescent offspring. Human and animal studies revealed that a high intrauterine energy supply consistently elevated the risk of NCDs in later life. 94 -96) In developed countries, especially those in which obesity appears to be prevalent, the transgenerational risk of early exposure to an excess energy supply in the intrauterine environment has been proposed to play a crucial role in increasing the risk of NCDs in addition to overeating and reduced physical activity. Although mankind battled against starvation for millions of years, those in developed countries need to adapt to a continuous environment of satiation throughout life from in utero.
Since undernourishment in utero is also a risk factor for NCDs in later life, a 'U-shaped' curve was proposed for the relationship between nutritional conditions in utero and the risk of developing adult NCDs 3, 25, 26, 31, 38, 97, 98) (Figure 2 ). The rate of increase in the number of NCD patients in developing countries is markedly higher than that in developed countries; 3, 98) therefore, overnourishment after birth may be a stronger risk factor for the development of adult NCDs in neonates undernourished in utero than the continuous exposure to overnourishment over the entire course of life, including the fetal period.
Candidates for early interventions in perinatal medicine
The core concepts of preemptive medicine are the early identification of high-risk individuals and early interventions specific to the risk background. 8, 9, 99) Although evidence for the preventive efficacy of early interventions against the continuing prevalence of NCDs as well as medical economic cost performance is limited, we proposed the following candidates as targets for early interventions in perinatal medicine (Figure 8 ). Nutritional interventions for lean and obese pregnant women, if effective, represent the most promising strategy 100, 101) (Figure 8 ) due to the high risk of undernourishment and overnourishment in utero, respectively. Educational interventions concerning nutritional aspects for fertile women, including information on the transgenerational negative chain according to the DOHaD theory, 3, 25, 26, 31, 38, 97, 98) before conception may effectively reduce the incidence of lean and obese pregnant women (Figure 8 ). Considering the establishment of dietary patterns during infancy and school-age periods, and preparing and conducting home and school educational programs on lifestyle based on scientific evidence, especially lifelong benefits, while also taking into consideration the next generation, will be constructive ( Figure 8 ).
Since 'catch-up growth' has been reported to increase the risk of adult NCDs, 21, 31, 38, [69] [70] [71] [72] [73] [74] [75] [76] nutritional interventions for nursing women and/or neonates may be another target for early interventions (Figure 8 ). However, Houk et al. 102) demonstrated that children born small for gestational age without 'catch-up growth' were at high risk of short stature in adulthood and should be referred for growth hormone treatment. Therefore, deciding the neonatal and infantile optimal growth patterns in view of differing genetic and epigenetic backgrounds due to environmental factors for the purpose of improving lifelong outcomes is difficult. Furthermore, establishing standard methods to achieve optimal growth in neonates and/or infants is challenging because numerous factors, including various unidentified ones, may be involved in their growth patterns. It is also important to respect the natural wishes of mothers to have normal children, especially if they were born small. The development of home and school educational programs concerning the importance of improving the lifestyles of children who experience 'catch-up growth' would be beneficial ( Figure  8 ).
Candidate biological samples for identifying biomarkers in perinatal medicine
The final goal of preemptive medicine is to delay or prevent the onset of NCDs by identifying high-risk individuals in early life and implementing early interventions specific to their risk types. 8, 9, 99) Barker et al. 103) first proposed that low birth weight newborns (i.e., those weighing less than 2,500 g) were at high risk of developing cardiovascular diseases in later life. According to the 'U-shaped' curve observation 3, 25, 26, 31, 38, 97, 98) (Figure 2 ), macrosomia is also a risk factor for NCDs.
104) The rates of low birth weight and macrosomia in Japan were reported to be 9.6% and 0.5%, respectively. 105) In contrast, the rate of macrosomia in the United States was 10%. 106) Thus, birth weight varies greatly by region and historical transition. Furthermore, because of the considerable contribution of genetic background and other factors, such as preterm deliveries, multiple pregnancies, maternal complications, fetal complications, and placental deficiencies, small and large babies are not always solely the result of undernourishment and overnourishment in utero, respectively. Therefore, the simple assessment of birth weight is not sufficiently specific for clear identification of high-risk individuals.
Substantial efforts have been made over the past few decades to identify effective biomarkers for use in clinical practice that can identify individuals at high risk of developing NCDs. 107 -112) The application of "omics" technologies to biological samples has identified hundreds to thousands of biomarker candidates; however, only a small number of these have been translated into clinical diagnostics for patient care and/or early interventions for premorbid patients.
111,112) Gupta et al. 112) primarily attributed this to disease heterogeneity and preanalytical variabilities associated with the identification of biomarkers, and also, in developing countries, to economic crises, a lack of awareness and education, the paucity of biorepositories, enormous diversity in socio-epidemiological backgrounds, ethnicity, lifestyles, diet, exposure to various environmental risk factors and infectious agents, and ethical and social issues. We propose the following biological samples for use in identifying biomarkers in individuals at high risk of developing NCDs from the standpoint of perinatal care ( Figure 9 ): 1) blood samples from pregnant women (cell-free fetal DNA), 113, 114) 2) umbilical blood, 3) the umbilicus (pure fetal origin tissue), 4) the placenta (mostly fetal origin tissue, but including maternal origin tissue, especially in the basal plate of the placenta), 5) neonatal blood obtained at a newborn screening, such as Guthrie newborn screening, 115) 6) infantile urine, 7) infantile stools, and 8) infantile saliva.
Inexpensive and simple standard methodologies using stable biological samples that are easy to access need to be established in order to identify individuals at high risk of developing NCDs using newly identified biomarkers because the prevalence of NCDs is a heavy burden not only in developed, but also in developing countries. The road from the identification of effective biomarkers, authorization, and governmental approval to their translation into clinical settings appears to be long and difficult; however, the rewards may be significant not only for individuals, but also for society because lowering the morbidity of NCDs will reduce medical expenses and social security costs and ensure an effective workforce in the future.
Conclusions
The morbidity of NCDs has increased rapidly in both developing and developed countries, leading to substantial increases in health care and social security costs. In view of the pathogenesis of NCDs based on the DOHaD theory, the perinatal care of fetuses as well as neonates has an important impact on the risk of NCDs in adulthood. The importance of perinatal care is expected to be reconsidered from the perspective of preemptive medicine. 
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